The viability of the Power-to-Gas (PtG) concept is strongly dependent on the development of highly active and stable methanation catalysts obtained from cheap and abundant elements. In this paper, the promotional effect of MnO on Ni catalysts supported on silica-modified c-Al 2 O 3 (SA) was investigated in CO 2 and CO methanation on catalysts with Mn/Ni atomic ratios between 0 and 0.25. Significantly higher methanation rates and CH 4 selectivities were obtained for Mn-promoted compositions compared to Ni-only catalysts. The optimal NiMn/SA (Mn/Ni = 0.25) catalyst exhibited improved stability compared with unpromoted Ni/SA at 20 bar. The nature of the catalyst precursor and active catalyst was studied with STEM-EDX, XPS, and X-ray absorption spectroscopy (XAS). Evidence of a mixed Ni-Mn oxide in the catalyst precursor was obtained by EXAFS. EXAFS measurements revealed that the reduced catalyst consisted of metallic Ni particles and small oxidic Mn 2+ species. Moreover, Mn addition improved the Ni dispersion and enhanced the Ni 2+ reducibility by weakening the interaction between the Ni-oxide precursor and the support. A mechanistic study involving IR spectroscopy and steady-state isotopic ( 13 CO 2 ) transient kinetic analysis (SSITKA) showed that the presence of Mn enhanced CO 2 adsorption and activation.
Introduction
As the world transitions towards a renewable energy-based economy, major challenges involving energy storage and transportation must be addressed. The primary drawback of renewables such as wind and solar is their fluctuating and intermittent nature, which leads to the need to store substantial amounts of energy to balance short-term and long-term seasonal variations [1] . The Power-to-Gas (PtG) concept has been proposed as a strategy to store excess renewable energy in the form of synthetic natural gas [2] . PtG involves the hydrogenation of CO 2 to CH 4 with H 2 obtained from renewable energy forms, e.g. through water electrolysis using electricity from wind and solar. The advantages of synthetic natural gas are high energy density and compatibility with the current energy infrastructure, which includes an efficient grid for distribution [3] [4] [5] .
The methanation of CO 2 , also known as the Sabatier reaction, proceeds as follows:
Catalysts are required to obtain sufficiently high rates and selectivities for practical implementation of the PtG technology [6, 7] . Although methanation catalysts have already been investigated for a long time, there remains a specific need to develop cheaper catalysts with a high activity at low temperature [2] . Among the transition metals investigated, Ru shows the highest CO 2 methanation activity and CH 4 selectivity [8] [9] [10] [11] [12] [13] . Large-scale industrial application of Ru catalysts is hindered by the relatively high cost of this transition metal. For this reason, cheaper Nibased catalysts dispersed on Al 2 O 3 are preferred for commercial implementation of methanation processes. The high dispersion of Ni on c-Al 2 O 3 can also lead to active and selective catalysts [14, 15] . A specific drawback in obtaining practical Ni-based Sabatier catalysts is the higher rate of deactivation, which is due to the tendency of carbon deposition as well as Ni sintering at the higher loadings required to achieve high activity [3, 5] . Bimetallic systems have been studied in order to improve the activity and https://doi.org/10.1016/j.jcat.2019.12.026 0021-9517/Ó 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). stability of Ni-based catalysts. Most of these studies have focused on the addition of noble metal promotors such as Pt, Pd and Ru to Ni-based catalysts [16, 17] . It would be desirable however to find other cheaper base metal promoters for Ni. For instance, the use of Fe and Co as promoters for Ni-based CO 2 methanation catalysts led to higher CH 4 yields in comparison with their monometallic counterparts [18, 19] . Mn is another promoter that has earlier received attention in the context of Fischer-Tropsch synthesis for NiMn [20] and CoMn catalysts [21] [22] [23] [24] . Earlier reports also showed that the addition of Mn to Ni/Al 2 O 3 can increase CO/CO 2 methanation rates, which was attributed to a higher Ni dispersion in the presence of Mn [25] [26] [27] . The group of Stockenhuber studied the influence of Mn and other transition metals on Ni/Al 2 O 3 catalysts using NO IR spectroscopy and found that Mn addition increased the number of electron accepting sites, which facilitated CO activation [28] . Burger et al. used co-precipitation to prepare NiMn/Al 2 O 3 catalysts with an increased amount of medium basic sites, which resulted in a higher CO 2 adsorption capacity and increased catalytic activity [29, 30] . The same explanation was put forward in the work of Zhao et al., who also promoted Ni/Al 2 O 3 with Mn [27] . There is ample room for improvement of such Ni/Al 2 O 3 , for instance with respect to the undesired formation of Ni-aluminate (NiAl 2 O 4 ) species, which can only be reduced at temperatures above 750°C to metallic Ni [31] .
Despite these earlier works, there is no clear understanding about the synergy between Ni and Mn for the Sabatier reaction. In our recent model study, we used TiO 2 -supported NiMn catalysts to investigate in detail this Ni-Mn synergy for CO 2 and CO hydrogenation [32] . We established that the interface between small Mn-oxide clusters dispersed on metallic Ni and metallic Ni itself are the active sites for C-O bond dissociation in CO 2 and CO. Hydrogenation of the resulting CH x species occurs on the metallic Ni surface. An important aspect of the proposed mechanism is the formation of oxygen defects in the Ni-supported Mn-oxide clusters, which give rise to the formation of H 2 O. Due to the strong interaction between Mn and TiO 2 , a significant part of the Mn promoter did not interact with the metallic Ni nanoparticles upon reduction in these NiMn/TiO 2 catalysts, which most likely led to a suboptimal promotion of Ni by Mn.
In the present study, we focused on Al 2 O 3 as a support for NiMn-based catalysts for CO 2 methanation with the aim to improve the Ni-Mn synergy by lowering the metal-support interactions. The formation of NiAl 2 O 4 was suppressed by using a silica-modified alumina (SA) support. Catalysts were prepared at varying Mn/Ni ratio to identify the optimum composition and to understand the Ni-Mn synergy in more detail. For this purpose, we characterized the catalysts by XPS, X-ray absorption spectroscopy (XAS), in situ IR spectroscopy and STEM-EDX mapping. We also used steady-state isotopic transient kinetic analysis to understand the reaction mechanism.
Experimental methods

Catalyst preparation
SIRAL20 is a silica-modified boehmite obtained from Sasol. The precursor SIRAL20 was calcined at 550°C (5°C/min, 3 h) prior to impregnation. Ni(NO 3 ) 2 Á6H 2 O (99.9%) and Mn(NO 3 ) 2 Á4H 2 O (99.9%) were obtained from Sigma Aldrich and used without further purification. Catalysts were prepared using conventional incipientwetness impregnation (IWI). Ni(NO 3 ) 2 Á6H 2 O (2.97 g) and Mn (NO 3 ) 2 Á4H 2 O (0-0.64 g) were simultaneously dissolved in an appropriate amount of deionized H 2 O and added dropwise to calcined SIRAL20 (denoted as SA, ca. 2.5 g). Catalysts were dried overnight at 110°C and calcined in air at 350°C (5°C/min, 3 h).
Characterization
Elemental analysis. The metal content of as-synthesized materials was determined by ICP-OES (Spectro Blue ICP). Samples (25 mg) were dissolved in 1.5 mL acid solution composed of equimolar HF, HNO 3 , and H 2 O, and 5 mL concentrated H 2 SO 4 at 250°C.
X-ray diffraction (XRD). The crystal structure of the metal nanoparticles and the crystallinity of the support were studied using XRD. Powder XRD patterns were recorded on a Bruker D2 Phaser diffractometer using CuK a radiation with a wavelength of 1.54 Å. The 2h angles were measured between 10 and 80°with a step size of 0.02°at 1.0 s/step. H 2 chemisorption. H 2 chemisorption was performed using a Micromeritics ASAP 2020. Typically, 50 mg catalyst was loaded into a quartz U-tube reactor and reduced at 550°C (5°C/min, 4 h), evacuated at 570°C to remove chemisorbed species prior to H 2 chemisorption at 35°C.
Temperature-programmed reduction (TPR). H 2 -TPR experiments were performed using a Micromeritics Autochem II 2920 equipped with a fixed-bed U-tube reactor, furnace, and thermal conductivity detector (TCD). Typically, 50 mg catalyst was loaded in a quartz reactor. H 2 -TPR was carried out in 4% H 2 in N 2 at 50 mL/min between 50 and 1000°C at 10°C/min. The H 2 signal was calibrated using a CuO/SiO 2 reference catalyst.
Scanning transmission electron microscopy energy-dispersive Xray spectroscopy (STEM-EDX). Particle sizes and elemental distribution was studied using STEM-EDX. Measurements were obtained using an FEI cubed Cs corrected Titan operating at 300 kV. Samples were crushed, sonicated in ethanol and dispersed on a holey Cu support grid. Elemental analysis was done with an Oxford Instruments EDX detector X-Max N 100TLE. Carbon contamination during elemental mapping acquisition led to each area to be measured only once.
X-ray photoelectron spectroscopy (XPS). The surface elemental composition of calcined and reduced materials was analyzed by XPS. Finely crushed samples were placed on double-sided carbon tape and analyzed using a K-Alpha XPS apparatus (Thermo Scientific). Spectra were obtained using an Al anode (Al Ka = 1486.68 e V) with 50 scans in the Ni 2p and Mn 3p region. The Mn 2p region overlaps considerably with the Ni Auger region and is therefore not appropriate to determine Mn content or oxidation state. To deconvolute the contributions of Ni 3p and Ni 3s from the Al 2p and Al 2s regions, respectively, scans were performed between 40 and 130 eV (Mn 3p to Al 2s regions) and fitting models were employed with appropriate constraints. Reduced catalysts were prepared under inert conditions in an N 2 glovebox and transferred to the XPS apparatus using a custom-built air-tight transport vessel. All spectra were analyzed with CasaXPS, charge corrected against the C 1s binding energy of adventitious carbon at 284.8 eV, and were fitted using a Shirley background.
X-ray absorption spectroscopy (XAS). The reduction and structure of the catalysts were studied using operando XAS. Data was collected at the Ni K-edge (8.3 keV) and Mn K-edge (6.5 keV) in transmission mode at the Dubble BM26A beamline at ESRF, Grenoble, France. The energy was selected with a Si (1 1 1) monochromator and calibrated with Ni (E 0 = 8333 eV) and Mn (E 0 = 6539 eV) foil, respectively. Collected XAFS data were background subtracted, normalized, and fitted using linear combination fitting (LCF) as implemented in the Athena software package [33] . At the Ni Kedge, the fresh (calcined) sample and the Ni foil served as references for the oxidized and metallic state of the catalyst for LCF. At the Mn K-edge, the Mn oxidation state was estimated from the energy at the half-edge jump. Linear regression of reference XANES spectra from MnO 2 , Mn 3 O 4 , Mn 2 O 3 , MnO(OH), and MnO were used to correlate half-edge jump energies to the Mn oxidation state. EXAFS analysis on k 3 -weighted Ni K-edge data was performed with Artemis. Scattering paths were calculated with FEFF6 using relevant crystal structures [33] . The amplitude reduction factor S 0 2 was determined by fitting the first and second shell Ni-O and Ni-Ni coordinations to 6 and 6 respectively of a b-Ni(OH) 2 reference sample at the Ni K-edge (8.3 keV). EXAFS analysis for Mn K-edge measurements was performed with Viper. Likewise, S 0 2 for Mn was determined by fitting the first two shells (Mn-O and Mn-Mn, respectively) of a MnO reference sample at the Mn K-edge (6.5 keV).
In a typical in situ experiment, ca. 30 mg catalyst (75-125 lm) and 100 mg boron nitride (75-125 lm) were physically mixed and loaded in a quartz tube (250 mm length, 4 mm i.d., 5 mm o.d., with a 20 mm flattened region with a thickness of 0.1 mm per wall). Quartz wool was used to plug both sides of the catalyst bed. Catalysts were reduced in situ at 550°C (5°C/min, 1 h) under 20% H 2 in He flow at 50 mL/min and returned to room temperature. Catalysts were exposed to CO 2 /H 2 /He gas mixture 2.5/10/37.5 mL/min ratio and heated to 300°C (5°C/min, 1 h) and returned to room temperature. Methane production was monitored by mass spectrometry (OmniStar GSD 320 instrument). Temperature-programmed reactions (e.g. reduction, CO 2 hydrogenation) were performed whilst recording XANES spectra, while EXAFS spectra were recorded at RT (below 50°C) before and after reactions. In order to obtain a sufficient signal-to-noise ratio, Mn K-edge measurements were carried out in a stainless-steel XAS reactor equipped with two fire-rods and glassy carbon windows (thickness = 0.5 mm) as described elsewhere [34] . The maximum temperature was limited to 500°C by the thermal stability of the polyimide resin used to glue the glassy carbon windows to the steel window holders.
Infrared spectroscopy (IR). In situ IR spectroscopy was performed on a Bruker Vertex 70v Fourier transform infrared spectrometer equipped with a DTGS detector. Averaged spectra were collected using 32 scans with a resolution of 2 cm À1 between 4000 and 1000 cm À1 . Samples were pressed into wafers of 15 mg, placed in an environmental transmission cell equipped with CaF 2 windows and reduced in situ at 550°C (5°C/min, 1 h) under H 2 /N 2 flow. Samples were then outgassed at 300°C for 30 min to remove surface contaminants, followed by cooling to 50°C under vacuum prior to introducing other gases. CO 2 was administered by using a 10 lL sample loop connected to a six-way valve. Adsorption was studied up to pressure of 10 mbar CO 2 . Temperatureprogrammed desorption (TPD) was employed to study the evolution and removal of adsorbed species. The sample was heated to 350°C (5°C/min) whilst collecting spectra at intervals of 25°C. For in situ methanation measurements, reduced catalysts were exposed at 50°C to an atmosphere of 100 mbar composed of H 2 and CO 2 at a H 2 /CO 2 molar ratio of 4. The sample was heated to 350°C (5°C/min) and spectra were recorded at intervals of 25°C.
Catalytic activity measurements
CO 2 hydrogenation. The catalytic performance in CO 2 hydrogenation was determined between 200 and 400°C in a parallel 10-flow high-throughput reactor setup. Typically, 50 mg of catalyst (75-125 lm sieved fraction) and 150 mg SiC was loaded in a quartz reactor tube. Catalysts were reduced in situ at 550°C (5°C/min, 4 h) under 10 vol% H 2 /He at 50 mL/min. The reaction mixture (50 mL/min total flow, 5 vol% CO 2 , 20 vol% H 2 , balance He) was introduced at 200°C, and the reactor effluent was analyzed every 25°C until 400°C. Steady-state activities were generally obtained after 25 min.
High-pressure CO 2 hydrogenation experiments were performed at a total pressure of 20 bar. Typically, an amount of 200 mg catalyst (75-125 lm sieve fraction) was loaded in a stainless-steel flow reactor. Catalysts were reduced at 550°C (5°C/min, 4 h) under 20 vol% H 2 in He at 50 mL/min. The reaction mixture (50 mL/min total flow, 20 vol% CO 2 , 80 vol% H 2 ) was introduced into the reactor at 200°C. The reactor effluent was analyzed every 25°C until 300°C. Catalyst stability was studied at 300°C for 24 h.
CO hydrogenation. The catalytic activity in CO hydrogenation was evaluated between 250 and 450°C in a parallel 10 reactor high-throughput setup. 25 mg catalyst (75-125 lm sieve fraction) and 150 mg SiC was loaded in each quartz reactor. Catalysts were reduced in situ at 550°C (5°C/min, 4 h) under 10 vol% H 2 /He at 50 mL/min. The reaction mixture (50 mL/min total flow, 7 vol% CO, 42 vol% H 2 , balance He) was introduced at 250°C, and the reactor effluent was analyzed every 25°C until 450°C. An excess H 2 with respect to CO was employed to avoid catalyst deactivation through carbon deposition.
Products were analyzed by online GC (Interscience CompactGC) equipped with Restek Rt-Q-Bond and Rt-Msieve 5 Å (TCD), Restek Rt-U-Bond and Rt-Q-Bond (TCD), and Restek Rtx-1 (FID) columns. The CO 2 conversion (X CO2 ), and CH 4 (S CH4 ) and CO (S CO ) selectivities are calculated as:
No other hydrocarbons than CH 4 were observed. For CO methanation activity measurements, CO conversion (X CO ), and CH 4 (S CH4 ) and CO 2 (S CO2 ) selectivities are calculated as:
Very small amounts of C 2 and C 3 -products were observed, which are not discussed further.
Steady-state isotopic transient kinetic analysis (SSITKA). The setup used for SSITKA measurements is described in detail in a previous work [35] . For a typical measurement, 50 mg catalyst was loaded into reactor and diluted by SiC. In situ reduction was performed in a diluted H 2 flow (20 vol% H 2 in Ar, 50 mL/min in total) at 550°C (T ramp = 5°C/min) and atmospheric pressure for 2 h. The reactor was subsequently cooled in dilute H 2 flow to 200°C followed by an increase of the pressure to 2 bar. The reaction was started by a forward transient switch (from H 2 /He = 10/3.5 mL/m in to H 2 /CO 2 /Ar = 10/2.5/1 mL/min) followed by an isothermal dwell for 2 h in order to obtain steady-state, which was evaluated by an online GC (Thermo Scientific, Trace GC 1300). An extra Ar flow was fed to keep total flow rate at 50 mL/min. The SSITKA was performed by switching from H 2 / 12 CO 2 /Ar to H 2 / 13 CO 2 /He. The transient of 13 CO 2 (m/z = 45), 12 CO 2 (m/z = 44), 13 CH 4 (m/ z = 17), 12 CH 4 (m/z = 15) and He (m/z = 4) were recorded by online mass spectrometry (EES, GeneSys).
Results and discussion
As support material, we used silica-stabilized alumina (SA) containing 20 wt% SiO 2 on high-purity Al 2 O 3 . The SIRAL20 precursor was calcined at 550°C before catalyst preparation. The c-Al 2 O 3 phase can effectively disperse the Ni phase and can achieve small particles after reduction, while the silica component increases the (hydro)thermal stability of c -Al 2 O 3 against sintering. Modifying the alumina surface with silicon species also lowers the interaction with Ni, decreasing the formation of poorly reducible NiAl 2 O 4 [31] . The BET surface area and pore volume of the calcined support were 369 m 2 /g and 0.9 mL/g, respectively. Nitrate salts of Ni and Mn were used for (aqueous) incipient wetness impregnation of the SA support. The physico-chemical properties of the calcined catalysts are collected in Table 1 . Mn/Ni ratios were between 0 and 0.25 with the Ni loading for all catalysts being nearly similar at~17 wt%. The XRD patterns of the calcined samples ( Fig. 1a ) showed NiO reflections (JCPDS no.: 047-1049) at 2h = 37.3°( 1 1 1), 43.3°(2 0 0) and 62.9°(2 2 0) for all Ni catalysts. Broad reflections from the c-Al 2 O 3 at 2h = 45.7°(1 1 1) and 66.6°( 2 1 1) overlapped with some of the NiO reflections. The absence of a shift in the reflection at 66.6°of Al 2 O 3 indicated that no significant amounts of NiAl 2 O 4 had formed during calcination. The absence of reflections due to Mn-oxide phases points to a good dispersion of Mn. We did not find a systematic shift in the NiO reflections, reflections in the Ni-based catalysts indicates that the addition of Ni helps to disperse the Mn phase, which may suggest that a mixed NiMn oxide did not form. Calcined Mn/SA shows sharp reflections at 2h = 28.7°(1 1 0), 37.3°(1 0 1), 42.8°(1 1 1), 56 0.7°(2 1 1), 59.4°(2 2 0), and 72.3°(3 0 1) assigned to b-MnO 2 (JCPDS no. 024-0735). The XRD patterns of reduced and passivated catalysts ( Fig. 1b) show predominantly contributions of metallic Ni at 2h = 44.5°(1 1 1), 51.8°(2 0 0), and 76.3°(2 2 0) (JCPDS no. 04-0850). Minor contributions from NiO can be discerned, which is likely due to sample passivation. No shift was found in the Ni peak positions, indicating that Mn is not incorporated in the metallic Ni particles. No contributions from bulk oxidic or reduced Mn phases were observed in the reduced NiMn catalysts. The XRD pattern of the reduced Mn/SA catalysts only contained MnO reflections (JCPDS no.: 07-0230) at 2h = 34.9°( 1 1 1), 40.5°(2 0 0), 58.7°(2 2 0), 70.2°(3 1 1), and 73.8°( 4 0 0), indicating that MnO cannot be reduced. By applying the Scherrer equation to the Ni(2 0 0) reflection at 2h = 51.8°, average Ni particle sizes were estimated to be in the 5-11 nm range. In comparison to Ni/SA, the addition of Mn resulted in a higher Ni dispersion upon reduction. The higher Ni dispersion is in keeping with the larger number of H 2 chemisorption sites ( Table 1) .
H 2 -TPR profiles of the catalysts are shown in Fig. 2 . For all Ni catalysts, temperatures above 700°C are required to fully reduce the Ni with maximum hydrogen uptake between 550 and 600°C. The reduction of alumina-supported Ni catalysts depends on the nature and strength of the interaction between Ni-oxide and the alumina support [36] . From the obtained TPR profiles, we can deduce that there are contributions of both bulk NiO reduction at 400°C, and more dispersed NiO interacting with the alumina support between 500 and 800°C [37, 38] . Bulk Mn/SA reduction leads to two hydrogen consumption features, corresponding to the reduction of MnO 2 to Mn 3 O 4 at 375°C, followed by reduction to Fig. 1 . XRD patterns of (a) calcined and (b) reduced Ni, NiMn, and Mn catalysts supported on SA. Reduced catalysts were passivated at room temperature before recording XRD patterns. MnO at 450°C [39] . For NiMn catalysts, contributions from manganese reduction were observed at lower temperatures with a hydrogen consumption feature around 260°C. This indicates a clear interaction between the Ni and Mn oxidic phases. The proximity of the Ni and Mn oxide phases in calcined catalysts was further explored with STEM-EDX. HAADF-STEM images with EDX mapping of Ni/SA after calcination ( Fig. 3) show that Ni is well dispersed over the support. Nevertheless, nickel oxide platelets observed in HAADF-STEM evidence the proximity of Ni and Al in EDX maps. These data support the stronger interaction of Ni with the alumina than with the silica part. In contrast, while calcined NiMn(0.25) ( Fig. 4 ) also showed the presence of nickel oxide platelets, the EDX map revealed that these platelets contained both Ni and Mn. This indicates the formation of a mixed NiMn-oxide phase, highlighting the close proximity between Ni and Mn before reduction at some locations.
Following reduction at 550°C, Ni nanoparticles were formed, while the Mn remained uniformly distributed over the support with no clear affinity for the Ni nanoparticles (Supporting Information, Figures S2-S5 ). Particle size distributions determined by HAADF-STEM ( Fig. 5 ) confirmed that NiMn catalysts led to smaller and more uniformly dispersed nanoparticles than Ni catalysts. Average particle sizes decreased from 12.5 nm for Ni/SA to between 5.5 and 7.0 nm for Mn-containing catalysts. Nevertheless, HAADF-STEM measurements did not evidence a clear trend of smaller particles for higher Mn/Ni ratio ( Table 1) .
Although we cannot determine a clear affinity between Ni and Mn in the reduced catalysts from our EDX maps (Supporting info, Figures S2-S5 ), we use XPS to show that part of Mn is associated with Ni at the Ni nanoparticle level. For this purpose, we determined the Mn/Ni surface ratios before and after reduction ( Table 2) . When compared with the bulk Mn/Ni ratios determined by elemental analysis, the XPS Mn/Ni ratios are consistently higher in both the calcined and the reduced catalysts. Relatively speaking, this implies a higher dispersion of Mn, and thus supports a model where Mn decorates Ni in the reduced catalyst. CO 2 hydrogenation was employed to examine the influence of Mn on the methanation activity of Ni/SA based catalysts. CO 2 conversion was measured in a high-throughput flow setup between 200 and 400°C and at atmospheric pressure (Fig. 6a ). The main product on the Ni-containing catalysts was CH 4 with minor amounts of CO above 250°C (Fig. 6b ). The Mn/SA catalyst was completely inactive towards hydrogenation products, although small quantities of CO were observed at elevated temperature. Mnpromoted Ni-based catalysts all showed increased CO 2 methanation activity compared to Ni/SA. The promotional effect increased with higher Mn/Ni ratio. The thermodynamics of exothermic CO 2 methanation meant most active NiMn catalyst reached a close-toequilibrium conversion around 350°C, beyond which overall conversion decreased. An assessment of the catalyst stability at 300°C revealed that all catalysts were stable during 40 h (Fig. 6c ). Moreover, the most active NiMn/SA catalysts also exhibited a significantly lower CO selectivity than Ni/SA during the stability test at 300°C (Supporting Information, Figure S6 ). TOFs normalized by surface Ni were determined under differential conditions (<10% CO 2 conversion) and showed a more than 3-fold increase in methanation activity at a reaction temperature of 200°C (Table 3) . Recent studies highlighted the structure-sensitive nature of CO 2 methana- tion over silica-supported catalysts [40] , whilst others reported that this reaction is structure insensitive on Ni/Al 2 O 3 [41] . Despite the larger particles obtained for Ni/SA, we cannot attribute the increase in TOFs to the higher Ni dispersion observed on Mnpromoted catalysts, because all promoted catalysts have nearidentical Ni particle sizes. Instead, the TOF trend follows the Mn/ Ni ratio. The increase in TOF between NiMn(0.2) and NiMn(0.25) is relatively small, suggesting that the optimum Mn/Ni ratio is close to these values. We expect that a higher Mn/Ni ratio may provide a further small improvement in methanation activity, although such compositions were not explored in this study. From the TOF values between 200 and 240°C, we constructed Arrhenius plots (Supporting Information, Figure S7 ) and calculated activation energies ( Table 3 ). The addition of Mn led to a decrease of the apparent activation barrier for CO 2 methanation from 72 kJ/mol for Ni/SA to 62 kJ/mol for NiMn(0.25). This might be due to a change in the mechanism. Considering the lack of hydrogenation activity from Mn/SA, we speculate that Mn addition facilitates the activation of CO 2 . Overall, the apparent activation barriers of promoted catalysts compare favorably with those reported in literature [42, 43] . We also investigated whether Mn displayed synergy with Ni in the methanation of CO. The results indicate a similar promotion for CO methanation as observed for CO 2 methanation (Supporting Information, Figure S8 ), consistent with earlier findings for TiO 2 -supported NiMn catalysts [32] .
The optimal NiMn catalyst was then employed in high-pressure CO 2 methanation at 20 bar, as these conditions are more close to future PtG scenarios. Fig. 7a shows that the promotional effect of Mn is also apparent at a reaction pressure of 20 bar. Under these conditions, the catalysts only produced CH 4 . Following a 24 h sta-bility test, we found that Ni/SA lost almost 18% of its initial activity at 300°C, whereas NiMn(0.25)/SA deactivated by<5%, highlighting its superior activity and stability (Fig. 7b) .
To obtain a more comprehensive understanding about the chemical environment of the Ni and Mn in the active catalysts, selected samples were studied using operando XANES. Fig. 8 shows Ni K-edge spectra obtained for Ni/SA and NiMn(0.25)/SA during reduction up to 550°C. Linear combination fitting (LCF) was employed to estimate the degree of reduction by using the spectra of calcined catalysts and Ni foil as references for Ni 2+ and metallic Ni, respectively. By comparing the temperature-programmed reduction LCF of Ni/SA (Fig. 8a, middle) and NiMn(0.25)/SA (Fig. 8b, middle) , we observed that Mn addition clearly improved the reducibility of the Ni. Specifically, LCF results highlight that the onset of reduction (estimated using Ni 2+ /Ni 0 = 1) was approximately 85°C lower for NiMn/SA catalysts compared with Ni/SA. However, the improved reducibility only had a marginal impact on the final Ni reduction degree with Ni/SA and NiMn(0.25)/SA, respectively, containing 93% (Fig. 8a, right) and 96% (Fig. 8b, right) metallic Ni after 80 min at 550°C. The improved Ni reducibility in Mn-promoted catalysts can be linked to the formation of a mixed NiMn-oxide phase, which lowers the interaction of Ni with the alumina support, therefore corroborating the STEM-EDX results. Still, the incomplete reduction of both catalysts indicates that a fraction of the Ni remains in a strong interaction with Al 2 O 3 . Thus, a higher Mn/Ni ratio may be beneficial to reach an optimum promotional effect.
The evolution of Mn during catalyst activation was followed with XANES in a similar manner ( Fig. 9 ). Mn can exhibit redox states between 0 and +7 of which +2, +3, and +4 are most commonly observed. Determining the Mn oxidation state is challenging [44, 45] . Therefore, the evolution of the Mn oxidation state during reduction of Mn/SA and NiMn(0.25)/SA was estimated by the edge energy at half the edge jump calibrated against reference compounds, which provides a linear correlation between the Mn oxidation state and the edge position (Supporting information) [45, 46] . The evolution of Mn oxidation state during reduction is presented in Fig. 9c . In the absence of Ni, Mn/SA begins as tetravalent Mn, which is consistent with the XRD identification of b-MnO 2 upon calcination. Reduction starts around 250°C, which yields a mixed Mn 3+ /Mn 2+ -oxide by 350°C attributable to Mn 3 O 4 [29, 39] . Deeper Structural information about the active phase was obtained with EXAFS on the Ni and Mn K-edges. EXAFS spectra obtained on the Ni K-edge were background subtracted in Athena, and fitted in Artemis using single scattering paths calculated with FEFF6. Table 4 summarizes the path distances and coordination numbers determined for calcined and reduced catalysts on the Ni K-edge. The k 3 -weighted Fourier-transformed EXAFS spectra (not phase corrected) are plotted in R-space in Fig. 10 . After calcination, both Ni/SA and NiMn(0.25)/SA catalysts could be fitted with Ni-O (2.08 Å) and Ni-Ni (2.95 Å) shells that correspond to cubic NiO scattering paths (Fig. 10a) . A slightly smaller second shell coordi-nation number for NiMn(0.25)/SA (CN Ni-Ni = 6.6) compared with Ni/SA (CN Ni-Ni = 8.1) indicates that the oxidic crystallites formed on NiMn(0.25)/SA are smaller than those on Ni/SA. However, due to the similar backscattering properties of Ni and Mn, we cannot firmly establish the presence of a mixed NiMn-oxide phase from these data. After reduction (Fig. 10b) , both catalysts show mainly a contribution at the metallic Ni-Ni bond distance (2.49 Å), with no contribution from oxygen originating from MnO within the first coordination shell. We can therefore conclude that Ni is present as metallic nanoparticles after reduction.
EXAFS spectra obtained on the Mn K-edge were background subtracted and fitted in Viper using single scattering paths of relevant candidate structures calculated with FEFF8. The k 2 -weighted Fourier transformed EXAFS spectra of the Mn K-edge are plotted in R-space in Fig. 11a and Fig. 11b for calcined and reduced catalysts, respectively. The corresponding path distances and coordination numbers are presented in Table 5 . Clear differences are observed in the structure of calcined catalysts. Contributions from 3 coordination shells were fitted for Mn/SA. The Mn-O (1.91 Å) and These results therefore indicate that Mn is likely present as a mixed NiMn oxide after calcination. Moreover, its presence in the mixed oxide facilitates the reduction of Mn, as followed from the XANES measurements and other characterization data.
Reduced Mn/SA was fitted using candidate MnO crystal structures. In the absence of Ni, Mn formed bulk MnO after reduction with coordination numbers of 4.7 (Mn-O, 2.23 Å) and 10.4 (Mn-Mn, 3.13 Å) determined for the first and second shell, respectively. Promoted catalysts exhibited a considerably lower Mn-O coordination number at 2.1, and only a small contribution from a second shell (CN Mn-Mn = 1.0). The second shell, assigned to a single scattering path of Mn-Mn at 3.60 Å, appeared at a considerably longer bond distance than that in Mn/SA. A minor contribution at around 2.50 Å could not be fitted. We nevertheless speculate that this may be the contribution from the backscattering of metallic Ni, originating from MnO species decorating metallic Ni particles.
Additional structural information for Mn was derived from the pre-edge features of Mn K-edge spectra. The pre-edge feature has been extensively studied for 3d transition metals and often relates to electronic transitions from 1s core levels to empty 3d levels, but the exact transition and pre-edge intensity depends on the symmetry of the absorbing 3d metal (e.g., octahedral vs. tetrahedral) [47] . Fig. 11c shows the pre-edge features of reduced Mn/SA, NiMn (0.25)/SA and a MnO reference, all of which have Mn in the +2 oxidation state as determined by their edge position. Clearly, Mn/SA and MnO have nearly identical pre-edge features, which can be attributed to the transition of the 1s electron to the 3d state in Mn located in octahedral (O h ) sites. In contrast, NiMn(0.25)/SA exhibits a more intense pre-edge feature, which can be assigned to Mn located in tetrahedral (T d ) sites [45] . We therefore infer that the Ni particles are decorated with MnO clusters, which are highly dispersed and in a lower coordination. The deviation in the coordination environment from Mn in cubic MnO is indicative of a more hexagonal-type structure of MnO. In our earlier work we deter- In situ and operando IR spectroscopy is a powerful method to gain molecular level understanding of how metal particle size [40] , and support choice [48] [49] [50] influence the mechanism of CO 2 methanation over supported catalysts. Despite this, considerable disagreement exists about the exact mechanism of the Sabatier reaction over Ni-based catalysts. In general, two main pathways have been proposed: (i) CO 2 dissociation and subsequent hydrogenation of a CO intermediate via a carbide mechanism, and (ii) direct CO 2 hydrogenation towards CH 4 with consecutive hydrogenated intermediates (e.g. formate, formyl, and methoxy species) [48, 51] . The CO intermediate may either be formed via direct CO 2 dissociation [50, 52] , or via formate species [53] [54] [55] [56] . Comprehensive studies probing the influence of Mn in CO 2 hydrogenation are not available yet.
In order to elucidate how the interaction between the catalyst and CO 2 changes with Mn addition, Ni/SA and NiMn(0.25)/SA catalysts were exposed to 0-10 mbar CO 2 in a controlled-environment IR cell at 50°C. Catalysts were reduced at 550°C in flowing H 2 and evacuated at 300°C prior to exposure to other gases. On Ni/SA (Fig. 12a) , there is evidence for weak interaction of CO 2 with the support through observation of linearly adsorbed CO 2 (2344 cm À1 ), as well as stronger interactions as bicarbonates from asymmetric m as (OCO) = 1646-1647 cm À1 and symmetric m s (OCO) = 1448-1443 cm À1 vibrations, formed through the reaction between CO 2 and surface hydroxyl groups [57] . A strong indication for CO 2 activation at a temperature as low as 50°C was found from the observation of linear, bridged, and three-fold bridged carbonyl species (2017 cm À1 , 1907 cm À1 , 1844 cm À1 , respectively) [58] .
An additional interaction between CO 2 and NiMn(0.25)/SA was observed by the appearance of a band at 1539 cm À1 (Fig. 12b) , which can be attributed to monodentate carbonates on MnO [59] . Raising the temperature to 350°C showed that the carbonates were bound more strongly than the bicarbonates (Figure S12 , Supporting Information). As these carbonate species were not observed for Ni/SA, these strongly bound species must be associated with MnO. Recent studies showed that medium/moderate basic sites are beneficial for CO 2 methanation over supported Ni catalysts [50, 60, 61] . Moreover, the basicity of Mn-oxide can enhance CO 2 adsorption on Al 2 O 3 -supported catalysts for reforming and hydrogenation reactions [29, 62] . In addition, bridged carbonyl species found at 1907 cm À1 and 1905 cm À1 for Ni/SA and NiMn(0.25)/SA, respectively, are more intense for the Mnpromoted catalyst. This difference implies a higher rate of CO 2 dissociation to CO on the NiMn catalyst.
Investigating these catalysts by IR spectroscopy under methanation conditions (H 2 /CO 2 = 4) clearly shows the impact of Mn on CO 2 activation. Fig. 13 shows in situ IR spectra obtained during methanation between 50 and 350°C. At 50°C, the NiMn(0.25)/SA catalyst exhibited an asymmetric contribution from Ni(CO) 3 3 (2059 cm À1 ) contribution. The fact that these carbonyl species are observed at higher wavenumbers during methanation in comparison to the CO 2 pulsing experiments indicates that the addition of H 2 significantly enhances the activation of CO 2 and formation of surface carbonyls. The shift is likely due to a higher CO coverage. Moreover, by comparing the relative contributions from (sub)carbonyl (>2000 cm À1 ) species with those from bridged (<2000 cm À1 ) species we clearly see that the NiMn(0.25)/SA catalyst has a larger proportion of (sub)carbonyls than Ni/SA, suggest-ing a larger build-up of CO on the Ni metal surface. These findings are consistent with the experimental and theoretical data obtained in our previous works, in which the presence of defective MnO clusters on the Ni nanoparticles enhanced CO 2 activation to yield CO adsorbed on the metallic Ni surface [32] . The role of H 2 could be the formation of oxygen defects in the Mn-oxide clusters. Additional surface species were identified by IR spectroscopy during methanation. Below 100°C, bicarbonates were observed on both catalysts from characteristic asymmetric and symmetric m(OCO) vibrations at 1644 cm À1 and 1440 cm À1 , respectively. Formate species were observed only for the NiMn(0.25)/SA catalyst at 50°C with typical stretching vibrations for m(CH) = 2873 cm À1 , m as (OCO) = 1593 cm À1 , and m s (OCO) = 1374 cm À1 . Upon increasing the temperature, formate bands increased on both catalysts at the expense of bicarbonate vibrations with the additional m(CH) deformation mode vibration appearing around 1393 cm À1 . Furthermore, the m(CH) stretching vibration on Ni/SA appeared at 2909 cm À1 , which is characteristic for formate adsorption on c-Al 2 O 3 . As this feature is also observed for NiMn(0.25)/SA in addition to the stretching vibration m(CH) = 2873 cm À1 typical for formates on MnO [64] , we infer that formate species are present both on MnO and on Al 2 O 3 regions of the support [50, 57, [65] [66] [67] [68] .
Clearly, the decomposition of formate species occurs at lower temperature on NiMn(0.25)/SA than on Ni/SA. Mechanistically, however, the relevance of formate species is still unclear for our catalysts. Earlier studies reported formate species to be reaction intermediates [48] and spectator species [40] . Steady-state isotopic transient kinetic analysis (SSITKA) is a powerful technique which allows for the measurement of surface residence times (s) of species and intermediates under steady-state conditions, and may provide mechanistic insights into the role of these surface species when correlated with IR spectra [69] .
Both Ni/SA and NiMn(0.25)/SA were studied with SSITKA at 200°C to determine reactant and product residence times. Fig. 14 shows the normalized residual response of 12 CO 2 and 12 CH 4 after the isotopic switch from 12 CO 2 /H 2 /Ar to 13 CO 2 /H 2 /He. The gas hold-up time was short (<4 s) as determined by the fast appearance of the He effluent gas (Fig. 14) . The residence times of CO 2 and CH 4 were determined with respect to the He appearance (Table 6 ). Both catalysts have near identical 12 CO 2 decay signals ( Fig. 14 insert) , which are slower than the decay of the effluent gas, indicating a weak and reversible interaction between CO 2 and the catalysts. In contrast, significant differences were observed in the 12 CH 4 decay signals, with NiMn(0.25)/SA exhibiting a much faster decay than Ni/SA. The faster CH 4 decay for NiMn(0.25)/SA indicates a higher reactivity of surface intermediates than for Ni/ SA. It is therefore likely that the enhanced CO 2 and CO dissociation prevent a build-up surface carbon species (i.e. CO) on the Ni surface of NiMn(0.25)/SA, resulting in a faster CH 4 decay. By contrast, the slower CO dissociation over Ni/SA results in a slower CH 4 decay. In addition, the IR spectra obtained at 200°C for both catalysts (Fig. 13 ) showed notably higher formate contributions for Ni/SA than for NiMn(0.25)/SA. This indicates that formate species are likely not the primary intermediates in the methanation pathway of CO 2 . Despite both catalysts yielding surface formates, the removal or decomposition of these species is more difficult on Ni/SA. If the formates behave as a reservoir, their increased stability over Mn-free catalysts contributes to the longer CH 4 transient. Similar to our work on TiO 2 -supported Ni and NiMn systems, we therefore speculate that the promotional effect of Mn stems from more facile CO 2 and CO activation over highly dispersed and defective MnO-decorated Ni particles. Formate species may therefore act as a reservoir of adsorbed CO 2 rather than a primary reaction intermediate as evidenced by the CH 4 transient.
Conclusion
We investigated the influence of Mn on Ni/SiO 2 -Al 2 O 3 catalysts in CO 2 methanation. Our study shows that a higher Mn/Ni ratio leads to increased CO 2 and CO methanation activity. The higher catalytic activity is maintained during CO 2 methanation under 20 bar, with Mn-promoted catalysts also exhibiting superior stability and higher CH 4 selectivity at low temperatures. Operando XANES and EXAFS measurements combined with STEM-EDX mapping confirmed that active catalysts consisted of metallic Ni nanoparticles decorated with highly dispersed MnO with an intimate interaction between Ni and Mn already established prior to reduction. Mn facilitated the reduction of Ni during reduction and improved the Ni dispersion. In addition, CO 2 adsorption and activation occurred at lower temperature in the presence of Mn according to IR spectroscopy. Formate species were observed on both NiMn/SA and Ni/SA catalysts, but their exact role requires further investigation with supports that have a weaker interaction with CO 2 . Nevertheless, the introduction of moderate basic sites from MnO appeared to be beneficial for the overall methanation activity. Our findings highlight the possibility of promoting Nibased catalysts with a cheap and abundant transition metal like Mn for potential industrial applications in sustainable power-togas schemes.
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